In the US, the challenges of an aging infrastructure network, coupled with requirements for maintaining continuous functionality of this network, highlights the need for innovative, and multi-disciplinary solutions aimed at the timely detection and remediation of defects and deterioration before serious failure situations materialize. Considering the constant and widespread interactions of citizens with urban infrastructure systems, and the increasing ubiquity of mobile and personal electronic devices equipped with onboard sensing capabilities (e.g. camera, accelerometers, GPS, etc.), the concept of leveraging crowd-sourcing provides a promising data-driven solution for urban infrastructure monitoring. In this approach, the vision of the "citizen engineer" is introduced by empowering citizens to become "active human sensors" at the source of defect detection and data collection, thus extending the role of citizens from passive infrastructure users to active infrastructure monitors.
INTRODUCTION

State of Infrastructure in the US
Members of every community, ranging from individual families to global corporations, rely on the stability of the national and local infrastructure system to provide the critical support needed to guarantee quality of life. Although the criticality of this infrastructure network has prompted system designs that are robust and able to withstand and recover from a diverse source of events, threats and incidents (Kavinoky 2007 , GAO 2008 , the overall performance remains correlated with the integrity of its individual components. This necessitates early detection of deterioration and damage resulting from aging and increased usage, before the mechanisms become failure-critical. The American Society of Civil Engineers' latest Infrastructure Report Card rated the nation's infrastructure at D + with a staggering estimated 3.6 trillion-dollar investment needed to bring the rating up to an acceptable standard by 2020 (ASCE 2013) . The challenges associated with aging and deterioration in the US infrastructure, were also highlighted by one of the National Academy of Engineering Grand Challenges, "Restoring and Improving the Urban Infrastructure" (Perry 2008) , which further illustrates the criticality of the current predicament and emphasizes the need for innovative solutions. The generic framework of structural health monitoring (SHM), or the more generalized infrastructure health monitoring (IHM) (Aktan et al. 2000) , offers a rational approach, capable of characterizing the behavior of in-service infrastructure elements while providing indications of damage and even forewarning of impending failure. For existing components of the urban infrastructure systems, current health monitoring strategies have gained some traction amongst the engineering community; however, despite recent advances in technologies to monitor and detect various deterioration mechanisms, current IHM practices are tuned toward the simple detection of existing deterioration conditions, rather than their quantification, especially at incipient stages of damage (Chang et al 2003) . As a result, most current IHM practices are still rooted in the human-derived measurements or highly subjective visual inspections conducted by trained personnel. Although the concept of visual assessment is generally a sound practice, individual subjectivity, the periodic nature of most inspection practices, and the associated costs are among its current limiting factors (Chang et al. 2003) . Furthermore, the vast majority of the current infrastructure components were designed and built in an era before the evolution of IHM and "smart city" (Anttiroiko et al. 2014 ) concepts, and the requirement of a dense network of detection and monitoring devices is neither feasible nor cost effective. Additionally, stakeholders would still be confronted with resource limitations and the expertise required to interpret the collected data. These challenges highlight the need for innovative solutions that are sustainable and scalable across a diverse system of infrastructure components.
Crowd-sourcing: A Solution for Participatory Problem Solving
Crowd-sourcing is a relatively new concept that seeks to distribute the efforts to execute a task or solve a problem between a group of volunteers usually through the internet (Estellés-Arolas and González-Ladrón-De-Guevara 2012). With the increased availability of network access and the interest of citizens in direct involvement with scientific, social, and economic events, crowd-sourcing approaches have not only become more popular, but often mission critical as evidenced by the analysis of satellite data by volunteers that proved essential to humanitarian relief after a typhoon devastated the Philippines in 2013 (Butler 2013 , Gao et al 2011 . Other examples of popular crowd-sourcing applications on the internet includes Wikipedia, the online encyclopedia, the open-content collaborative mapping project Wikimapia, and the more commercial cases of the human intelligence task marketplace, Amazon Mechanical Turk, or the internet image sale platform, iStockphoto. Further, many designers have noted that mobile phones are powerful tools for facilitating crowdsourcing projects (Chatzimilioudis et al. 2012 , Yan et al. 2009 ). For example, with the popular mobile app Waze, users can collect and report traffic data to other nearby users. Of late, "citizen science" projects have been increasingly employed for large data projects. Zooniverse, the largest citizen science portal, has projects ranging from astronomy to biology to history (Borne and Team 2011) . Many have noted the positive scientific outcomes of these projects (Kim et al. 2011 , Cohn 2008 ; however, it is clear that for the citizens to truly appreciate the impact of their work and to gain an increased appreciation for the underlying scientific process, much attention is needed to the design of such projects (Brossard et al. 2005 , Bonney 2009 ).
The Citizen engineer: A Crowd-Sourced Monitoring Paradigm
Building upon the successful experiences of crowd-sourcing in citizen science projects, this paper seeks to introduce the concept of citizen engineering and frame it as a viable contribution to the analysis and preservation of urban infrastructure. The citizen engineer is a descriptor for a new kind of social actor modeled off of the popular citizen scientist, a volunteer who engages in the collection of multimedia data and, with proper training, is able to perform basic engineering analyses that benefit design and health monitoring of an engineering system within their local community. In the context of this investigation, the citizen engineer is a user who is actively driving the identification of condition features and actively participating in their resolution by collecting the data required for assessing and tracking degradation over time. By their direct involvement in the detection process, citizen engineers effectively become a network of human sensors tightly integrated within the urban infrastructure ( Fig. 1) and are enabled to contribute directly to decision-making related to the infrastructure that they assess. This approach provides not only the sensorial density required for effective sampling, but also a level of redundancy within the proposed framework that ensures both reliability and resilience of the monitoring process and guarantees lower user fatigue. Within the citizen engineer framework, users not only directly identify the presence of an issue, but also indirectly provide a quantification of the gravity of an issue and the relative severity. For example, issues that warrant or "trigger" a sense of "urgency" within the observations (large cracks, potholes, large corrosion, structural distortions, etc.) will be imaged more often than smaller issues. Thanks to this natural discrimination capability offered by the advantages of using citizen engineers, the collected data will offer an a priori importance evaluation. 
PROPOSED FRAMEWORK
In the proposed framework, citizens are trained to use mobile and wearable technologies to collect multimedia data about their surrounding civil infrastructure and provide user-driven knowledge to characterize its condition state. This userdriven knowledge for characterization is the critical defining attribute that distinguishes the citizen engineer from a citizen scientist. The key underlying challenges for achieving this goal are identified as follows:
1-Acquiring crowd-sourced data through constantly engaging, training and motivating the volunteer citizens to contribute multimedia data. 2-Ensuring the quality, usability and reliability of the data and enabling efficient and automated processing of the data into actionable knowledge. To address these challenges, a system architecture with two main components is proposed in this paper and will be discussed in the next sections (Fig. 2) . Although the proposed approach is generic in nature and can be applied to all aspects of urban infrastructure, the description of system architecture and the formulation of the solutions focuses on representative physical infrastructure such as buildings, bridges, pavements, and sidewalks, which are common to a city environment. The main types of defects and deteriorations experienced by such components during their service lives have been studied and well-documented in recent years (FHWA 2012 , Adlinge and Gupta 2009 , Gharaibeh et al. 1998 , Richardson 2002 (Fig. 3) . Furthermore, the data collected by the citizen engineers can include a variety of types from multimedia data to accelerations recorded by cellphones or simple text in the form of user reports; however, this paper mainly focuses on images taken from these representative defects as an example. 
Component 1-Data Acquisition through Citizen Network Design
In designing the proposed citizen sensor system, alongside the development of the data collection medium, questions of motivation and civic engagement need to be addressed; therefore, the development and testing of the system should be carried out with attention to both how this experience would benefit the user, and also how the user can be trained to produce reliable information. Most significantly, like the citizen scientist, the citizen engineer must be trained as an observer and learn to see compromised infrastructure in the same way as a professional. In addition, designing for the citizen engineer requires close examination of the interactions between the users, the urban grid, and the mobile application. Interviews with stakeholders (the design team, potential users, engineers, city planners) and participant observation can effectively feed into the design process in order to make a tool that reflects the social and technical needs. The design process can assume different roles for the citizen engineer in monitoring infrastructure. A more active approach would entail the user detecting and recording new features that he or she may think are in need of servicing. Alternatively, users can take a more passive role by collecting images of locations specifically requested by city workers. Further, understanding the selfconception of the citizen engineer is a vital factor in successful realization of the requirements of the design of the system. Why would citizens want to enroll themselves into this system and what would they hope to gain from participation? How might planners harness this application such that the citizen engineer takes an active role in improving his or her city? These questions and the aforementioned challenges are essential to the citizen engineering framework. The following sections highlight and summarize key components associated with the data acquisition through the citizen network design.
Design Requirements for a Mobile Data Acquisition Platform
Citing the ubiquitous use of mobile applications and the examples of data acquisition from large groups of people, for the design of the citizen engineering experience, a mobile application is deemed the obvious choice. The envisioned software should include a mobile application for the citizen engineer (suitable for interfacing with mobile platforms such as iOS and Android as well as wearable devices such as Google Glass and Microsoft HoloLens) as well as the base station analysis that will be compatible with Windows and Mac. The application should include a basic structure that allows users to collect and upload data, assess quality and condition state of the selected infrastructure component, and also to allow for two-way interaction that enables feedback between the citizen engineer and infrastructure owners. A basic example of a preliminary mobile application is presented in Fig. 4 and illustrates the functionality of geo-referenced crack detection and quantification. The application would also enable the solicitation of user feedback through surveys and an indirect measure of the application performance based on the quality and consistency of data derived during the collection processes. 
User Training for Citizen Engineering
Within the citizen engineering framework, participants are expected to be non-experts in the domain or amateurs; therefore, to make sure the users are able to fulfill the tasks and to guarantee an acceptable level of data quality, a brief and targeted training and instruction is necessary. To this end, the users need to undergo a preliminary training to be introduced to the motivation behind their efforts, the concept of the citizen engineer, the type of analysis the project is interested in, and basic requirements for data collection. Further optional training can provide education about the engineering fundamentals behind the monitored infrastructure, failure modes that might occur, the associated risks of failure, as well as the techniques currently used to detect such failures. For example, in training users of the app to evaluate from the perspective of a citizen engineer, short tutorials would be provided on aspects such as camera functionality, basic photography tips, what the most common distortions are, their description and how they can be detected and corrected using software.
Assessing the Citizen Engineer Network
Key to the success of this system is developing an understanding regarding what motivates citizen engineers to participate in infrastructure monitoring and then leveraging that understanding to improve the system design. Among the effective tools are structured interviews and focus groups with relevant stakeholders, including potential users, to understand the connections and potential feedback loops between infrastructure, citizens, government, and improvement projects. The goal is to understand both the constraints and limitations of this novel network, while also defining the potential impact, new applications, and most importantly what the system needs to include such that it will be seen as a useful tool for the citizen. Integrating interview data from multiple stakeholders will create a more complete picture of motivation and engagement that takes into account both user and project needs. Moreover, characterizing potential social barriers to entry early in the design process will ensure more successful implementation. One preliminary design that speaks to the question of motivation, modeled off of game design, involves the utilization of a point-based reward system where individual citizen engineers will accumulate points based on the quality and relevance of the acquired data and correctness of the failure evaluation. An alternative option includes monetary or prize-based compensation for participation. Regardless of the motivation model, the desired outcome involves the continued engagement of the user in the citizen engineering process.
User Testing for Design
User testing is an important component in the design of the proposed cyber-human system and should focus on evaluating the effectiveness of the application of citizen engineering when put into practice. During the design phase, testing should be conducted at incremental points using available participants. These participants will be systematically monitored (through both self-reporting and in situ user studies) in order to understand not only usability problems with the application, but also motivation barriers with regards to participating as a citizen engineer. The testing program should focus on developing a test matrix that elicits user feedback, thus enabling the project team to better understand how the system can be used. In addition, the feedback will allow for an assessment of the desirability of the system, which in turn can be used to improve designs and outcomes. User testing should also evaluate the efficacy of the user training by assessing how adequately this application teaches citizens to "see" in a way similar to a professional engineer. Moreover, assessing the viability of the network feeds directly into this user testing task and facilitates the use of similar qualitative assessment means (e.g. focus groups, interviews, and observations of system use). Where the network assessment focuses primarily on motivation and understanding how to produce an engaged user base, the user testing task focuses on how to cultivate a user that both benefits from and provides benefits to the system and can be performed on different versions of the application to best evaluate features that are most useful to the user and those that produce a user capable of providing high fidelity data useful for infrastructure assessment. System Feedback to the User Significant improvement to the performance of the system is expected by providing feedback to the users about their performance. This feedback can cover all aspects of user-system interaction. For instance, in an image based collection scheme, once an image is received, the system can assess its quality and notify the user of the quality score together with photography tips thus helping to improve future image quality. Additionally, once an image is analyzed, the type of structure and defects and other extracted information could be provided to the user, which helps familiarize the nonexpert citizen with a basic knowledge and terminology regarding infrastructure. This will be a significant source of continued training for the users thus reinforcing the efforts in user training.
Component 2 -Processing of the Crowd-Sourced Data
Key to the accurate evaluation of infrastructure condition state is the ability to extract reliable information about the presence and characteristics of potential deterioration and defects from the data collected by the citizen engineers. Full implementation of the system in an urban community involves a sizeable population of users and thus the collected data is expected to be derived from a variety of mobile platforms and of varying quality and consistency. However, this sizeable population provides an unprecedented opportunity to collect rich datasets that cannot be collected by managing entities alone. In this work, the description of data is limited to images; however, mobile platforms also have numerous other capabilities that can be leveraged such as geo-location, acceleration, time, etc. For this work, images are assumed to be acquired from a wide range of devices, such as professional or point and shoot cameras, cellular phones, smart glasses, activity-tracking devices (such as GoPro cameras), and tablets.
Blind Image Quality Assessment
Given the variety of devices from which the crowd-sourced imagery will be collected and the variety of imaging conditions, one of the main challenges relates to vetting the large amount of data to generate reliable information. A requirement is the reduction or elimination of unusable or low quality images within the analysis pipeline via an automated selection stage aimed at the discrimination between high and low quality data. In general, an obvious problem with such quality assessment is the lack of a pre-vetted reference ground truth, with which to compare the data collected by the citizen engineers, making the assessment process effectively blind. For the goal of providing a reliable infrastructure analysis metric, a numerical measure of usability needs to be assigned to each collected image. The majority of image quality assessment criteria such as the traditional mean-squared error and the newer and more efficient structural similarity image measure (SSIM) (Zhou et al 2004) both require a reference, which will not be directly available for the proposed framework. To mitigate this issue, natural image statistics provides an alternative to measure image quality in terms of the presence/absence of such distortions as noise, blur (from defocus and motion), fading, limited field of view, limited depth of field, limited resolution, over-quantification and compression artifacts (Anish et al 2012) . Only images with quality higher than a set threshold, would be allowed through the pipeline to the next analysis stage (Fig. 5) . The automated blind image quality assessment can be validated by comparison with mean opinion scores on the usability of the images produced by professional inspectors on a sample of images. 
Defect Recognition
For data satisfying the image quality assessment, the next step would be the identification of features of interest or defect recognition. This task is arguably the most crucial step in complementing the non-expert citizen's work with infrastructure domain knowledge, thus realizing the real value of the citizen engineering concept. Infrastructure domain knowledge for processing the crowd-sourced data can be employed by manually assessing all images by qualified inspectors as data acquisition proceeds. However, the successful implementation of the citizen engineering paradigm entails handling a continuous stream of large amounts of data. Therefore, manual processing by experts is prohibitively expensive and time-consuming. As an automated and scalable solution, emerging computer vision techniques would enable the encoding of domain knowledge into a supervised machine learning scheme. Relatively limited literature on the application of computer vision to solve infrastructure problems exists , German et al 2012 , Koch et al 2015 , Halfawy and Hengmeechai 2014 , Guo et al 2009 ; however, the of principles of computer vision-based feature detection have been utilized in analogous domains , Chi et al 2009 , Ayache 1995 , Du et al 2011 , Danuser 2011 . The approach proposed in this framework would seek to train an object recognition model on the training dataset of defect images such that the model can recognize the type of defects in future images. To this end, a labeled training set is required in which qualified engineers evaluate and label the defects in a dataset of sample images. Then, distinctive feature sets are extracted from the images using a selection of the wellestablished methods from the literature including SIFT and HOG (Dalal and Triggs 2005, Lowe 1999 ). State-of-the-art object detection classifiers such as Support Vector Machines on the feature sets and Deep Convolutional Neural Networks would be employed to located and characterize defects, considering their robustness to environmental variations (such as illumination, viewpoint and scale) that are shown to be major factors in visual defect detection tasks (Koch et al 2015, Halfawy and Hengmeechai 2014) . The output of this step is a label assigned to each image that describes the type of defect captured in the user-provided image. Fig. 6 illustrates a sample training dataset of common infrastructure deterioration mechanisms with the respective labels. 
Quantification of Structural Defects
After the type of defect in the image is identified, a defect-specific algorithm is required to quantify the size/severity of the defect (e.g. length and width of a crack vs. the area of corrosion). Depending on the requirements of the specific model, a concept such as scale analysis (Frangi et al 1998) needs to be applied to the data. This approach would allow for the transition between the concept of "existence" of a defect (answering question such as: "is there any defect?") and actual "quantification" of the defect ("how large is the defect?", "what is the defect shape?", "what is the volume?"). As a specific example, pothole detection has been achieved using segmentation of potential image features identified using underlying assumptions about the appearance, shape and texture (Koch and Brilakis 2011) . In the case of corrosion, several image processing techniques, based on edge detection (Pakrashi et al 2010) , 3D shape analysis (Hanji et al 2003) , and textural wavelet analysis (Jahanshahi and Masri 2012a) , have been developed and applied towards the detection and analysis of corroded regions in various types of infrastructures. Automated crack detection techniques for infrastructure health assessment have been successfully developed both for the routine monitoring of simple structures such as subway tunnels (Zhang et al 2014) as well as for the detection and 3D analysis of events within the more challenging pavement environment (Zou et al 2012, Jahanshahi and Masri 2012b) . As far as structural distortion is concerned, several non-contact monitoring methods based on continuous imagery and the use of edge detection (Jung 2014 ) and embedded templates for motion tracking (Fukuda 2010) can be used to quantify distortions.
Information Aggregation, Reporting and Feedback
To take advantage of the extracted information and help make appropriate maintenance decisions, it is essential to visualize, present and disseminate the results of the collected and processed condition state data. To this end, the geo-tagged detected and quantified results can be charted on a "heat map" and provided to infrastructure managing agencies (i.e. owners, maintenance offices, departments of transportation, municipalities, etc.) to create a foundation for data-driven decision making. Sharing the aggregated results with the users of the system is also expected to help raise awareness about infrastructure, engage the citizens more actively in a public demand for the enhancement of urban infrastructure, hold the responsible parties accountable, and provide system users with validation of their contributions. Moreover, responsible parties can also acknowledge the reported issues and inform the public of their specific response or follow-up on the citizen engineer project website and/or their respective websites to demonstrate to the public the value of citizen participation and contributions and further promote the citizen engineering concept.
Infrastructure Condition Rating
The results of the image analyses in the form of quantitative geometrical properties of individual defects do not directly reflect the overall in-service condition of the monitored components in terms of operational safety, serviceability, and the relative priority/urgency of rehabilitation practices. If such overall measures are sought, the crowd-sourced results must be converted into appropriate condition ratings or performance indices that can be used as a foundation in prioritizing maintenance operations and allocation of resources. The mapping of the image-based defect measurements to the overall condition ratings (condition inference) requires a rational and objective basis deeply rooted in long-term experience and knowledge, as well as an automated framework to deploy it on components with any given set of characteristics and level of physical conditions. This condition inference can be achieved through the combination of a knowledge-based expert system and an experience-based machine-learning scheme. Expert systems have been successfully implemented in problem solving in a variety of engineering practices (Adeli 1998 , Zavadskas et al 2008 , Norela et al 2009 , Mohan 1990 , Kaetzel and Clifton 1995 . In the proposed citizen engineering framework, the system needs to be fed image-based defect measurements, as well as knowledge with respect to the overall properties of the monitored components, including their types (i.e. bridge or pavement), type of materials, geometrical characteristics, and ages of construction. The proposed expert system can then take advantage of the existing knowledge in the field of infrastructure health monitoring by extracting rules from an extensive interview program with domain experts, together with implementation of the existing condition evaluation metrics for in-service structures and facilities within the urban built environment.
Once the system has extracted the rules, including all the underlying patterns and relationships, a machine learning scheme can be trained to reproduce condition ratings or health grades (A to F or 1 to 10) for any specific type of urban infrastructure component based on the analyzed image-based condition state data. In order to train the model, condition ratings from existing evaluation metrics together with expert solicitations can be used. Extensive literature exists on different machine learning models used in infrastructure condition assessment and the reader is referred to them for further reading (Meegoda et al 2006 , Saitta et al 2009 , Amiri et al 2015 , Harris et al 2015 , Farrar and Worden 2012 , Alipour et al 2016 .
DISCUSSIONS AND CONSIDERATIONS
Leveraging the link between humans and the ubiquitously present portable and wearable devices, this paper outlines the vision for a novel infrastructure health monitoring framework for characterizing the health status of urban infrastructure components centered on the concept of the citizen engineer. Within this framework we propose to engage the untapped potential of a community of citizen engineers, and their associated data acquisition and communication platforms, as a resource to supply the required intelligence for real-time assessment of urban infrastructure systems.
Implementation Considerations and Challenges
As outlined in the previous sections, user engagement and continued contribution is a critical prerequisite for the successful implementation of the citizen engineering framework. A variety of strategies were proposed in the Data Acquisition through Citizen Network Design component to address this issue. The ubiquity of social media in different forms can also be considered an opportunity for publicizing the initiative and engaging new and current users. It is thus envisioned that volunteer citizens, in the same way that they carry out data acquisition, can carry on a significant portion of the constant user engagement efforts. With data originating from amateur citizens, maintaining satisfactory data quality is of major concern. Three mechanisms to address quality assurance were devised in the framework. One mechanism is a blind image quality assessment using natural image statistics, whereas alternative mechanism includes both basic training and continuous feedback from the system on how the user performed with respect to image quality. Reliability of the results for a certain structure is another area of concern. It can be argued that due to the crowdsourced nature of the data acquisition, false alarms in the network will be inevitable. However, for issues that might attract the attention of a large set of citizen engineers due to their visibility characteristics, several images will be expected from several vantage points. This will allow for cross-checking, where infrastructure that receives highly discrepant scores from different users can be sent to further investigation. Furthermore, more citizen engineers could be automatically directed towards these structures to increase the number of available images and improve the evaluation of the reported issue. Scalability is another inevitable challenge for the full implementation of the citizen engineer involving a sizeable population of users sending a daily stream of images (and other types of data). First, the provision of the image recognition engine is expected to significantly reduce expert involvement burden. It is also predictable that the handling and analysis of large volumes of unstructured data from a network of users in an urban area might necessitate Big Data solutions.
CONCLUSION
This paper outlines a new paradigm in urban infrastructure health monitoring that seeks to fill the gaps that exist within the assessment of urban infrastructure by proposing a novel cyber-human evaluation system. In the proposed framework, nonexpert citizens are engaged, trained and motivated to use their mobile phones to capture and send images of defects in the urban infrastructure. These images will first be automatically analyzed for quality, and then computer vision models are proposed to identify and quantify the pictured phenomena. The two main challenges facing the implementation of the proposed framework were described as the acquisition of high-quality crowd-sourced data through constant user engagement, and reliable and efficient processing of the data toward actionable knowledge. Accordingly, two major components were proposed for the system with detailed tasks. The proposed tasks were supported by relevant literature and are expected to cover the main challenges. Further considerations on the implementation of the system were also included. The proposed approach pushes the boundaries through an exploration of the cyberhuman symbiotic relationship such that participants are not simply users, but ultimately become intelligent sensor nodes themselves. This multi-objective approach promises to train volunteers and provide them with a better understanding of the surrounding infrastructure and, by leveraging the wealth of mobile technology available, empower them to become active participants in their local community. Beyond the near-term implications for preservation of the existing infrastructure, the proposed approach will have a long-term impact by providing the essential guidance required to enhance the design of the next generation of sustainable and intelligent "smart cities".
